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Abstract
While stress is known to impact reproductive performance, the pathways involved are not entirely understood.
Corticosteroid effects on the functioning of the hypothalamus-pituitary-gonadal axis are thought to be a key aspect of
stress-mediated reproductive dysfunction. A vital component of the stress response is the pituitary secretion of
adrenocorticotropic hormone (ACTH), which binds to the melanocortin 2 receptor (MC2R) in the adrenal glands and
activates cortisol biosynthesis. We recently reported MC2R mRNA abundance in fish gonads leading to the hypothesis that
ACTH may be directly involved in gonadal steroid modulation. Using zebrafish (Danio rerio) ovarian follicles, we tested the
hypothesis that acute ACTH stimulation modulates cortisol and estradiol (E2) secretion. ACTH neither affected cortisol nor
unstimulated E2 release from ovarian follicles. However, ACTH suppressed human chorionic gonadotropin (hCG)-stimulated
E2 secretion in a dose-related manner, with a maximum decrease of 62% observed at 1 I.U. ACTH mL
21. This effect of ACTH
on E2 release was not observed in the presence of either 8-bromo-cAMP or forskolin, suggesting that the mechanism(s)
involved in steroid attenuation was upstream of adenylyl cyclase activation. Overall, our results suggest that a stress-
induced rise in plasma ACTH levels may initiate a rapid down-regulation of acute stimulated E2 biosynthesis in the zebrafish
ovary, underscoring a novel physiological role for this pituitary peptide in modulating reproductive activity.
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Introduction
It is well established that stress has a negative impact on
reproductive processes in animals. Although the mechanisms are
far from clear, the effects of stress are thought to be due to
interactions of the hypothalamic-pituitary-adrenal (HPA) axis with
the HP-gonadal (HPG) axis. For instance, corticotropin releasing
factor (CRF), a key hypothalamic neurohormone that activates the
HPA signaling cascade, also suppresses the release of hypotha-
lamic gonadotropin-releasing hormone (GnRH) [1]. While
corticosteroid is essential in order for animals to recover from
exposure to a stressor, this steroid also impacts the HPG axis at a
number of sites, depending on the species, sex, and the magnitude
and duration of this plasma hormonal response [2,3]. For instance,
cortisol inhibits GnRH pulsatility [4], and decreases gonadotropin
release [follicle stimulating hormone (FSH) and luteinizing
hormone (LH)] [5,6] from the pituitary. In the testes, cortisol
suppresses testosterone production (reviewed by Hu et al. [7]) by
reducing LH responsiveness, including downregulation of LH
receptors [5].
In fish, cortisol decreased 11-keto testosterone production (the
primary androgen in teleosts) [8,9], but did not affect ovarian
estradiol (E2) production in three species of fish [12]. However,
cortisol treatment decreased hepatic expression of estrogen
receptors (ER), vitelline envelope protein-b and vitellogenin
[10,11]. The latter two proteins are synthesized in the liver in
response to ER activation and incorporated into the developing
oocytes. These studies demonstrate that activation of the HPA
axis (specifically CRF and cortisol) can impact reproductive
performance by targeting multiple sites along the HPG axis.
However, to our knowledge there has been no investigation
linking adrenocorticotropic hormone (ACTH) signaling with
reproductive function.
ACTH is acutely released from the pituitary gland in response
to stressor-induced CRF stimulation and is the primary secreta-
gogue for adrenal cortisol biosynthesis. In mammals, ACTH has
been shown to stimulate cortisol production in extra-adrenal
tissues, including the eye [13] and hair follicle [14]. Also, ACTH
stimulates sex steroid production in neonatal rat testes [15,16].
Recently, a real time quantitative PCR (qPCR)-based survey of
MC2R gene expression in a teleost, the rainbow trout (Oncorhynchus
mykiss), showed a high number of transcripts in the interrenal tissue
(homolog of the mammalian adrenal gland) as well as the ovary
and testis [17]. This led us to hypothesize that ACTH may
modulate gonadal steroidogenesis in teleosts. To this end, we
tested the actions of ACTH on ovarian cortisol and E2 secretion
using the well characterized zebrafish ovarian follicle model
[18,19].
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Expression of MC2R
In zebrafish adults, transcripts for MC2R were most abundant
in the head kidney (interrenal tissue), ovary and testis (Fig. 1).
There were fewer transcripts in the eye, gill, gastrointestinal (G.I)
tract and liver (Fig. 1).
Ovarian follicle steroid production
Cortisol. Cortisol was not detected in media from control
and ACTH-treated ovarian follicles after 3 h or 8 h of incubation
(Fig. 2). Cortisol was detected in follicles treated with human
chorionic gonadotropin (hCG), although the levels were only
significantly different from the control at 3 h of incubation (Fig. 2).
Estradiol. Follicular estradiol (E2) secretion increased 9 to 35-
fold by hCG treatment (10 I.U./mL) compared to the control
group (in the absence of hCG; Figs. 2, 3, 4 and 5). A range of
ACTH concentrations alone did not alter follicular E2 secretion
(no hCG; Fig. 3A). However, ACTH significantly decreased hCG-
stimulated E2 secretion in a dose-related manner (Fig. 3B).
Maximum inhibition occurred at 1.0 IU ACTH/mL, which
resulted in a 62% decrease in media E2 levels compared to hCG
treatment alone (Fig. 3B). Cortisol did not inhibit hCG-stimulated
E2 secretion, despite the expression of the glucocorticoid receptor
(GR) in whole ovary samples (Fig. 3C).
Temporal E2 accumulation in the media was examined by
comparing 1.5 h, 3 h and 8 h incubation experiments (Fig. 4).
Each time point was a separate experiment performed with
follicles from different fish. Total media E2 concentrations for a
given treatment were not different between time points, or in other
words, E2 concentrations did not increase after 1.5 h (Fig. 4).
However, the magnitude of change between control and hCG-
stimulated treatments was greatest at 1.5 h, and the effect of
ACTH on hCG-stimulated E2 production was only significant at
1.5 h (Fig. 4).
8-bromo cAMP and forskolin both stimulated E2 secretion
above basal levels (Fig. 5). Forskolin- but not 8-bromo cAMP-
induced E2 production was significantly lower compared to hCG-
stimulated E2 levels (Fig. 5). ACTH had no effect on either 8-
bromo cAMP- or forskolin-induced E2 secretion in zebrafish
ovarian follicles (Fig. 5). E2 secretion over 1.5 h was not altered by
treatment with 0.1% dimethyl sulfoxide, the carrier for forskolin
(data not shown).
Discussion
The present study demonstrates a novel physiological role for
ACTH in modulating sex steroid production during acute stress in
fish (see Fig. 6). This extra-adrenal role for ACTH involves the
suppression of hCG-stimulated E2 secretion from zebrafish ovarian
follicles. The rapid elevation of plasma ACTH is a key response to
acute stressor exposure, and is responsible for the stimulation of
cortisol release from the adrenal glands (or interrenal tissue in
teleosts) [17]. The cortisol response is evolutionarily conserved and
is essential for the animal to metabolically cope with stress [20].
Although chronic cortisol exposures perturb reproductive perfor-
mance (e.g. Carragher et al. [8]; Fig. 6), there appears to be no
direct effect of acute cortisol exposure on the ovary and E2 secretion
(present study, [12]). The downregulation of gonadotropin-
stimulated E2 release by ACTH appears to be tissue-specific, and
is distinct from the stimulatory effect of this pituitary peptide on
cortisol biosynthesis in the adrenals [17].
ACTH inhibited hCG-stimulated E2 production from zebrafish
ovarian follicles in a dose-related manner. The greatest inhibition
was observed at 1.0 I.U. ACTH/mL (2.58 mM), similar to the
concentration that maximally stimulated cortisol production from
head kidney preparations in rainbow trout [17]. Media E2 levels
reached their highest concentrations by 1.5 h. Further follicular
secretion of E2 may have been inhibited by an ultra short-loop
negative feedback by E2 in the ovary [21], which may explain why
the suppressive effect of ACTH was temporally dependent and
only observed at 1.5 h.
Although ACTH binds to all of the five known G-protein
coupled melanocortin receptors [22], we hypothesize that ACTH
Figure 1. Tissue-specific melanocortin 2 receptor (MC2R) gene expression. Expression of melanocortin 2 receptor (MC2R) and b-actin in
adult zebrafish tissues as determined with RT-PCR. Products were amplified (MC2R-36 cycles, b-actin- 32 cycles) from total RNA extracts. Images are
representative of the results observed from three to five fish. Water replaced cDNA in the negative (Neg.) control treatments.
doi:10.1371/journal.pone.0006463.g001
Figure 2. Temporal (3 or 8 h incubations) cortisol production
by zebrafish ovarian follicles. Cortisol (grey bars) is not detected in
the culture media of control or ACTH treated follicles, but is detected in
the human chorionic gonadotropin (hCG, 10 I.U./mL) and hCG plus
adrenocorticotropic hormone (ACTH, 1.5 I.U./mL; hatched bars) treat-
ments. Control (open bar) and hCG-stimulated (black bar) estradiol (E2)
media concentrations after 3 h are provided as a reference. Values
represent mean 6 SEM (N=3; each N is a pool of follicles from three
fish). Treatments with different letters are significantly different, as
determined by one-way ANOVA at each time point followed by
Student-Newman-Keuls test for multiple comparisons (P,0.05). An
asterisk (*) with the E2 measurements indicates a significant difference
determined by a Student’s t test (P,0.05).
doi:10.1371/journal.pone.0006463.g002
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on the high numbers of MC2R transcripts in the zebrafish ovary.
This is also supported by our recent study that confirmed MC2R
as the major signaling receptor for ACTH action in rainbow trout
interrenal tissue [17]. The distribution of MC2R transcripts in
zebrafish is similar to a recent tissue qPCR survey of MC2R in
rainbow trout, which also found the greatest MC2R expression in
the head kidney, ovary and testis [17].
The underlying cellular pathway of ACTH-induced inhibition
of ovarian follicle E2 secretion is unknown. At the adrenals, ACTH
binding to MC2R activates G-proteins that stimulate the rise of
intracellular cAMP via adenylate cyclase. This in turn up-regulates
the expression of genes encoding key protein involved in
corticosteroid synthesis, including steroidogenic acute regulatory
protein (StAR), P450 side chain cleavage (P450scc) and 11b-
hydroxylase, leading ultimately to cortisol synthesis [23,24].
Similarly, E2 synthesis in the ovary is stimulated by LH (or
hCG) binding to the LH receptor [18], which in turn activates G-
proteins, a rise in cAMP and the expression and activity of
Figure 3. Effect of ACTH on estradiol (E2) production by
zebrafish ovarian follicles. E2 production by follicles after 1.5 h
incubations under A) basal conditions (no hCG; open bars) with a range
of ACTH concentrations (0 to 3.33 I.U./mL; hatched bars), and B) hCG
treatment (10 I.U./mL; black bars) and a range of ACTH concentrations
(hatched bars). Additionally, the effect of 500 nM (181 ng/mL;
horizontal striped bar) cortisol (F) on hCG-induced E2 production was
also tested. Values represent mean 6 SEM (N=4, with each N
representing a pool of follicles from three different fish). Treatments
with different letters are significantly different (one-way repeated
measures ANOVA followed by Student-Newman-Keuls test for multiple
comparisons; P,0.05). The effects of cortisol on E2 production was
analyzed using a Student’s t test. C) Expression of the glucocorticoid
receptor (GR) and b-actin in adult zebrafish tissues as determined with
RT-PCR (GR-36 cycles, b-actin- 32 cycles). Images are representative of
the results observed from three fish.
doi:10.1371/journal.pone.0006463.g003
Figure 4. Temporal E2 production by zebrafish ovarian follicles.
Temporal E2 production (1.5 h, 3 h or 8 h incubations) by zebrafish
ovarian follicles in control (open bars), human chorionic gonadotropin
(hCG; 10 I.U./mL; black bars) and hCG plus adrenocorticotropic
hormone (ACTH; 1 I.U./mL at 1.5 h, 1.5 I.U./mL at 3 h and 8 h; hatched
bars) treatments. Each time point is a separate experiment using
follicles from different fish. Values represent mean 6 SEM (N=3 or 4,
where each N is a pool of follicles from three different fish). Time points
with the same lower-case letter are not different, while treatments
within a given time that are different are indicated by different upper-
case letters (two-way ANOVA; P,0.05).
doi:10.1371/journal.pone.0006463.g004
Figure 5. Estradiol (E2) production by zebrafish ovarian
follicles in response to 8-bromo-cAMP and forskolin. Follicles
were exposed for 1.5 h to basal conditions (open bar), hCG (10 I.U./mL;
black bar), 8-bromo-cAMP (0.5 mM; grey bar), 8-bromo-cAMP and ACTH
(1.0 I.U./mL; hatched bar), forskolin (10 mM; dark grey bar) or forskolin
and ACTH (1.0 I.U./mL; hatched bar). Values represent mean 6 SEM
(N=3 pools of follicles from three different fish). Treatments with
different letters are significantly different (one-way ANOVA followed by
Student-Newman-Keuls test for multiple comparisons; P,0.05).
doi:10.1371/journal.pone.0006463.g005
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genase type 3 and aromatase [19]. The lack of effect of ACTH on
8-bromo-cAMP- or forskolin-induced E2 synthesis suggests the
mechanism of ACTH inhibition is upstream of adenylate cyclase
activation and cAMP signaling. One hypothesis is that this tissue-
specific MC2R signaling in the ovary may involve an inhibitory G-
protein, while in the adrenals it is coupled to a stimulatory G-
protein. However, this remains to be tested.
ACTH did not stimulate cortisol production in zebrafish
ovarian follicles, as it does in the adrenals. However, hCG
treatment did elevate cortisol secretion, albeit at a lesser
magnitude compared to ACTH and interrenal tissue [17]. This
may account for the cortisol deposited in developing fish oocytes
that is utilized by the embryo [25]. Cortisol may also act as an
anti-inflammatory agent in the ovary to promote healing and
repair after ovulation [26]. Indeed, the expression of GR in the
ovary (present study, [27]) suggests a role for cortisol in follicular
development and/or embryogenesis. The GR mRNA abundance
in zebrafish oocytes supports a role for maternal GR transcripts in
zebrafish early development [25].
In addition to its effects on ovarian steroidogenesis, ACTH has
other extra-adrenal functions. Previous studies have shown that
ACTH stimulates adipocyte lipolysis in non-primate mammals
(Fig. 6; reviewed by [22]), which is thought to provide a source of
energy in the face of a stressor. In addition, while ACTH is
primarily known for stimulating cortisol secretion by the adrenals,
it is also a secretagogue for cortisol in other tissues. For example,
an HPA axis homolog (CRF, ACTH and cortisol) has been
detected completely within the retinal epithelium of the eye [13],
skin [28] and hair follicle [14], which respond to stressors such as
UV light. Whether follicular E2 synthesis responds to circulating
ACTH or ACTH that is synthesized within the ovary is unknown.
However, CRF has been detected in the trout ovary [29], and in
mammals, CRF inhibited ovarian follicular E2 synthesis [30], [31].
Whether CRF directly inhibits E2 in these cases or acts via
stimulation of ACTH that in turn inhibits E2, is unknown.
What is the physiological significance of this ACTH-mediated
E2 inhibition by ovarian follicles during acute stress in fish? E2 has
multiple biological functions including, but not limited to,
stimulation of reproductive tissue growth, ovulation and metab-
olism [32]. In fish, E2 also stimulates hepatic vitellogenin and
extra-embryonic membrane protein synthesis for oocyte growth
and development [33]. All these actions of E2 will lead to an
increased energy demand, which will strain the already high
energetic cost associated with reestablishment of homeostasis
during stress adaptation. In the short-term, we hypothesize that
the stressor-induced ACTH surge may assist with energy substrate
re-partitioning during acute stress by 1) rapidly downregulating
acute stimulated E2 synthesis by the ovary, and the associated E2-
dependent energy demanding pathways, and 2) upregulating
corticosteroid synthesis by the adrenals, and the associated energy
demanding pathways, which are essential for stress adaptation.
However, longer-term stressor exposure and the resultant
sustained ACTH stimulation may lead to reduced reproductive
performance due to suppression of E2 levels.
In summary, we demonstrate for the first time that ACTH
suppresses gonadotropin-stimulated E2 production in zebrafish
ovarian follicles. As plasma ACTH levels increase in response to
stressor exposure, our results implicate a novel physiological role
for this cortisol secretagogue in the modulation of reproductive
function. We propose that while this ACTH action may be
adaptive in the short-term in assisting with energy substrate
reallocation to cope with stress, long-term ACTH stimulation may
lead to reproductive dysfunction due to E2 suppression. While the
mechanism of action of ACTH in suppressing E2 synthesis is
unclear, future work will focus on characterizing the MC2R
signaling pathway in fish gonads, including crosstalk between
MC2R and LHR. It will also be interesting to test whether ACTH
has an effect on testicular steroidogenesis, given the high number
of MC2R transcripts expressed in the testis (Fig. 1, [17]). It
remains to be seen if the role of ACTH in mammalian
reproductive tissues is similar to that of fish, given the different
reproductive strategies exhibited by mammals (viviparity) and fish
(yolk; oviparity). However, the expression of MC2R in human
ovary and testis [34], similar to zebrafish, suggests a role for
ACTH in modulating gonadal function.
Materials and Methods
Animals
Adult zebrafish (Danio rerio) were purchased from a commercial
supplier and maintained in a recirculating system (Aquatic
Habitats, Apopka, FL, USA) at 28uC in well water (hard-
ness=400 mg CaCO3/L, pH=8.0). Photoperiod was 12 h
light/12 h dark. Fish were fed two or three times daily a mix of
pellets (New Life Spectrum), spirulina flakes and bloodworms. All
Figure 6. Overview of the impact of the stress axis (hypothal-
amus-pituitary-adrenal axis) on the reproductive axis (hypo-
thalamus-pituitary-gonadal axis). Human chorionic gonadotopin
(hCG) was used as a luteinizing hormone receptor agonist to stimulate
estradiol (E2) secretion from ovarian follicles. Corticotropic releasing
factor (CRF, green arrows) inhibits GnRH within the hypothalamus [1]
and steroidogenesis in the ovary [31]. Adrenocorticotropic hormone
(ACTH, blue arrows) inhibits stimulated estradiol (E2) synthesis by
ovarian follicles (present study; blue bold arrow) and stimulates lipolysis
in adipocytes [22]. Cortisol (purple arrows) modulates reproductive
process in the hypothalamus, pituitary and testis [5]. However, cortisol
has no effect on E2 synthesis in zebrafish ovarian follicles (present study;
purple dashed arrow). In fish, cortisol treatment decreases the
expression of hepatic estrogen receptor (ER), vitellogenin (vtg) and
vitelline envelope protein-b (vep) [10,11]. See text for more examples.
doi:10.1371/journal.pone.0006463.g006
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Waterloo Animal Care Committee and conformed to the
guidelines of the Canadian Council on Animal Care.
Receptor expression
The expression of MC2R, glucocorticoid receptor (GR) and b-
actin were examined using RT-PCR in the head kidney, eye, gill,
gastrointestinal tract (G.I. tract), liver, ovary and testis. Fish were
euthanized with an overdose of MS222 (0.25 g/L) followed by
spinal severance. Tissues were excised, immediately frozen on dry
ice in microfuge tubes and stored at 280uC until processing. Total
RNA was extracted with QIAzol Lysis Reagent (phenol and
guanidine thiocyanate) and purified with an RNeasy Mini Kit
(Qiagen; Mississauga, ON, Canada). Total RNA was treated with
DNase (Qiagen) to remove genomic DNA and quantified using a
Nanodrop spectrophotometer (Wilmington, DE, USA). First
strand cDNA was synthesized using a commercial kit (MBI
Fermentas; Burlington, ON, Canada), where 1 mg of total RNA
was reverse transcribed in 20 mL using M-MuLV reverse
transcriptase (40 U), oligo (dT)18 primers (0.5 mg), dNTPs
(1 mM each) and a ribonuclease inhibitor (20 U) in a total volume
of 20 mL.
PCR reactions were carried out with the following primers: b-
actin F 59-tgtccctgtatgcctctggt-39,R5 9-aagtccagacggaggatgg-39
(product size=121 b.p.); MC2R F 59-ctccgttctcccttcatctg-39,R5 9-
attgccggatcaataacagc-39 (product size=127 b.p.); GR F 59-
acagcttcttccagcctcag-39,R5 9-ccggtgttctcctgtttgat-39 (product si-
ze=116 b.p.). Gene amplification consisted of an initial denatur-
ing period of 95uC for 3 min, followed by cycles of: 1) denaturing
at 95uC for 30 s, 2) annealing at 60uC for 30 s and 3) extension at
72uC for 30 s. The number of cycles were 32 for b-actin and 36 for
MC2R and GR. This was followed by a 10 min extension period
at 72uC. PCR reactions were fractionated in 1.5% agarose gels
along with DNA molecular weight standards, stained with
ethidium bromide and images were captured under UV light.
In vitro follicle incubations
Follicular steroid secretion and steroid RIAs were determined
using methods developed and validated by Ings and Van Der
Kraak [19]. Briefly, female zebrafish were anesthetized (0.1 g
MS222/L) and decapitated. Whole ovaries were removed and
placed in Leibovitz -15 (L-15) media (Gibco, Grand Island, NY,
USA) with antibiotics (penicillin and streptomycin) and antimy-
cotic (amphotericin B) solution (Sigma-Aldrich) at room temper-
ature. Follicles from three fish were separated and pooled for each
N, then 60 or 70 stage 2 (previtellogenic) and stage 3 (vitellogenic)
oocytes [35] were evenly distributed in a 24 well plate. At the start
of the incubation, medium was removed and replaced by 800 mL
of fresh medium containing 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich), which inhibits phosphodiesterases that degrade
cAMP. Follicles were treated with a variety of compounds. In the
first series of experiments, follicles were treated with human
chorionic gonadotropin (hCG; 10 I.U./mL [19]) and/or ACTH
(1.5 I.U./mL, porcine ACTH
1–39) (Sigma-Aldrich). In the second
series, follicles were treated with hCG (10 I.U./mL), ACTH (0.1
to 3.3 I.U./mL) or cortisol 500 nM (181.3 ng/mL). In the third
series, follicles were treated with hCG (10 I.U./mL), ACTH
(1.0 I.U./mL), forskolin (10 mM, dissolved in dimethyl sulfoxide)
or 8-bromo cAMP (0.5 mM) (Sigma-Aldrich). Incubations were
1.5 h, 3 h or 8 h. At the end of the experiment, medium was
removed and stored at 270uC until steroid analyses. All
experiments were repeated with three or four independent
samples.
RIAs. Cortisol and E2 (17b-estradiol) in the culture media
were measured by radioimmunoassay (RIA) according to Ings and
Van Der Kraak [19]. Antibodies were purchased from Medicorp
(Montreal, PQ, Canada) and [
3H]-steroids were obtained from
Amersham (Baie d’Urfe ´, PQ, Canada).
Statistical analysis
Data were initially screened for normality and homogeneity of
variance prior to analysis of variance (ANOVA). The time course
of E2 production was analyzed with a two-way ANOVA using
time and treatment as factors. All other data were analyzed with a
one-way ANOVA or one-way repeated measures ANOVA. This
was followed by Student-Newman-Keuls test for multiple
comparisons (SPSS) to determine significant differences among
groups. The effects of cortisol on E2 production was analyzed
using a Student’s t test. Differences were considered significant if
P,0.05.
Author Contributions
Conceived and designed the experiments: DA MV. Performed the
experiments: DA JSI. Analyzed the data: DA JSI. Contributed reagents/
materials/analysis tools: MV. Wrote the paper: DA MV.
References
1. Nikolarakis KE, Almeida OFX, Herz A (1986) Corticotropin-releasing factor
(CRF) inhibits gonadotropin-releasing hormone (GnRH) release from superfused
rat hypothalami in vitro. Brain Res 377: 388–390.
2. Wendelaar Bonga SE (1997) The stress response in fish. Physiol Rev 77:
591–625.
3. Tilbrook AJ, Turner AI, Clarke IJ (2000) Effects of stress on reproduction in
non-rodent mammals: the role of glucocorticoids and sex differences. Rev
Reprod 5: 105–13.
4. Oakley AE, Breen KM, Clarke IJ, Karsch FJ, Wagenmaker ER, et al. (2009)
Cortisol reduces gonadotropin-releasing hormone pulse frequency in follicular
phase ewes: influence of ovarian steroids. Endocrinology 150: 341–9.
5. Sapolsky RM, Romero M, Munck AU (2000) How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and prepara-
tive actions. Endocrine Rev 21: 55–89.
6. Breen KM, Karsch FJ (2006) New insights regarding glucocorticoids, stress and
gonadotropin suppression. Front Neuroendocrinol 27: 233–45.
7. Hu GX, Lian QQ, Lin H, Latif SA, Morris DJ, et al. (2008) Rapid mechanisms
of glucocorticoid signaling in the Leydig cell. Steroids 73: 1018–24.
8. Carragher JF, Sumpter JP, Pottinger TG, Pickering AD (1989) The deleterious
effects of cortisol implantation on reproductive function in two species of trout,
Salmo trutta L. and Salmo gairdneri Richardson. Gen Comp Endocrinol 76: 310–21.
9. Consten D, Lambert JGD, Komen H, Goos HJT (2002) Corticosteroids affect
the testicular androgen production in male common carp (Cyprinus carpio L.).
Biol Reprod 66: 106–11.
10. Lethimonier C, Flouriot G, Valotaire Y, Kah O, Ducouret B (2000)
Transcriptional interference between glucocorticoid receptor and estradiol
receptor mediates the inhibitory effect of cortisol on fish vitellogenesis. Biol
Reprod 62: 1763–71.
11. Aluru N, Vijayan MM (2007) Hepatic transcriptome response to glucocorticoid
receptor activation in rainbow trout. Physiol Genomics 31: 483–91.
12. Pankhurst NW, Van Der Kraak G, Peter RE (1995) Evidence that the inhibitory
effects of stress on reproduction in teleost fish are not mediated by the action of
cortisol on ovarian steroidogenesis. Gen Comp Endocrinol 99: 249–57.
13. Zmijewski MA, Sharma RK, Slominski AT (2007) Expression of molecular
equivalent of hypothalamic–pituitary–adrenal axis in adult retinal pigment
epithelium. J Endocrinol 193: 157–69.
14. Ito N, Ito T, Kromminga A, Bettermann A, Takigawa M, et al. (2005) Human
hair follicles display a functional equivalent of the hypothalamic-pituitary-
adrenal (HPA) axis and synthesize cortisol. FASEB J 19: 1332–4.
15. O’Shaughnessy PJ, Fleming LM, Jackson G, Hochgeschwender U, Reed P, et al.
(2003) Adrenocorticotropic hormone directly stimulates testosterone production
by the fetal and neonatal mouse testis. Endocrinology 144: 3279–84.
16. Johnson H, King PJ, OShaughnessy PJ (2007) Effects of ACTH and expression
of the melanocortin-2 receptor in the neonatal mouse testis. Reproduction 133:
1181–87.
17. Aluru N, Vijayan MM (2008) Molecular characterization, tissue-specific
expression, and regulation of melanocortin 2 receptor in rainbow trout.
Endocrinology 149: 4577–88.
ACTH Impact on Reproduction
PLoS ONE | www.plosone.org 5 July 2009 | Volume 4 | Issue 7 | e646318. Kwok HF, So WK, Wang Y, Ge W (2005) Zebrafish gonadotropins and their
receptors: I. cloning and characterization of zebrafish follicle-stimulating
hormone and luteinizing hormone receptors—evidence for their distinct
functions in follicle development. Biol Reprod 72: 1370–81.
19. Ings JS, Van Der Kraak GJ (2006) Characterization of the mRNA expression of
StAR and steroidogenic enzymes in zebrafish ovarian follicles. Mol Reprod Dev
73: 943–54.
20. Mommsen TP, Vijayan MM, Moon TW (1999) Cortisol in teleosts: dynamics,
mechanisms of action, and metabolic regulation. Rev Fish Biol Fisheries 9:
211–68.
21. Taniguchi F, Couse JF, Rodriguez KF, Emmen JMA, Poirier D, et al. (2007)
Estrogen receptor-a mediates an intraovarian negative feedback loop on thecal
cell steroidogenesis via modulation of Cyp17a1 (cytochrome P450, steroid 17a-
hydroxylase/17,20 lyase) expression. FASEB J 21: 586–95.
22. Boston BA (1999) The role of melanocortins in adipocyte function. Ann NY
Acad Sci 885: 75–84.
23. Aluru N, Vijayan MM (2006) Resveratrol affects CYP1A expression in rainbow
trout hepatocytes. Aquat Toxicol 77: 291–7.
24. Hontela A, Vijayan MM (2009) Adrenocortical toxicology in fishes. In:
Harvey PW, Everett D, Springall C, eds (2009) Adrenal Toxicology. Boca
Raton: Taylor and Francis. pp 233–256.
25. Alsop D, Vijayan MM (2008) Development of the corticosteroid stress axis and
receptor expression in zebrafish. Am J Physiol Regul Integr Comp Physiol 294:
R711–9.
26. Yong PYK, Thong KJ, Andrew R, Walker BR, Hillier SG (2000) Development-
related increase in cortisol biosynthesis by human granulosa cells. J Clin
Endocrinol Metab 85: 4728–33.
27. Rae MT, Hillier SG (2005) Steroid signaling in the ovarian surface epithelium.
Trends Endocrinol Metab 16: 327–33.
28. Slominski A, Wortsman J, Tuckey RC, Paus R (2007) Differential expression of
HPA axis homolog in the skin. Mol Cell Endocrinol 265–266: 143–9.
29. Chen CC, Fernald RD (2008) Sequences, expression patterns and regulation of
the corticotropin-releasing factor system in a teleost. Gen Comp Endocrinol 157:
148–55.
30. Ghizzoni L, Mastorakos G, Vottero A, Barreca A, Furlini M, et al. (1997)
Corticotropin-releasing hormone (CRH) inhibits steroid biosynthesis by cultured
human granulosa-lutein cells in a CRH and interleukin-1 receptor-mediated
fashion. Endocrinology 138: 4806–11.
31. Erden HF, Zwain IH, Asakura H, Yen SSC (1998) Corticotropin-releasing
factor inhibits luteinizing hormone-stimulated P450c17 gene expression and
androgen production by isolated thecal cells of human ovarian follicles. J Clin
Endocrinol Metab 83: 448–52.
32. Simpson ER, Misso M, Hewitt KN, Hill RA, Boon C, et al. (2005) Estrogen- the
good, the bad, and the unexpected. Endocrine Rev 26: 322–30.
33. Jalabert B (2005) Particularities of reproduction and oogenesis in teleost fish
compared to mammals. Reprod Nutr Dev 45: 261–79.
34. Su AI, Cooke MP, Ching KA, Hakak Y, Walker JR, et al. (2002) Large-scale
analysis of the human and mouse transcriptomes. Proc Natl Acad Sci USA 99:
4465–70.
35. Selman K, Wallace RA, Sarka A, Qi X (1993) Stages of oocyte development in
the zebrafish, Brachydanio rerio. J Morphol 218: 203–24.
ACTH Impact on Reproduction
PLoS ONE | www.plosone.org 6 July 2009 | Volume 4 | Issue 7 | e6463